This study compared the transmission of tensions in fresh, fixed and macerated dog mandibles in order to clarify the diversity of behavior of bone tissues under dry and moist conditions. Double-exposure holographic interferometry was applied and holograms were obtained from 12 fresh hemi-mandibles under static load (control group), which were randomly assigned to 2 groups: 6 were fixed in 10% formalin and 6 were macerated. The specimens were submitted to the same initial force and their respective holograms were obtained. Analysis of the holograms showed that the fresh specimens transmitted significantly less tension than the fixed and macerated ones (p<0.05), and the tension direction was different. An average two-fold tension increment was observed in the experimental conditions. The holographic interferometry method was efficient in quantifying and qualifying tension transmission. However, depending on the type of analysis, the anatomical specimens must be fresh because macerated specimens will produce different results.
INTRODUCTION
Several fields of Dentistry, such as Prosthodontics, Endodontics, Orthodontics, Periodontists and other, have employed various techniques to evaluate stresses distribution, including photoelasticity, mechanical models, finite element analysis and strain gauge systems (1) (2) (3) . All of these techniques have advantages and disadvantages. The use of mathematical programs or artificial models of resin material to simulate real conditions is not particularly ideal.
In order to have a more accurate model, the use of natural anatomic specimens is recommended. Dry skulls are thus used as experimental models because, although they do not present cartilage and fibrous tissues, at least the trabeculae and other anatomic features are the same as those found in vivo.
One method enabling direct use of the object being studied, and which has been used in several fields of dentistry, is holographic interferometry. This method allows the detection of minute movements of the order of nanometers, as well as overall qualitative and quantitative visualization of the trajectory of the tensions generated upon load application. Holographic interferometry has been used to evaluate stress in extracted teeth (4) , metallic and ceramic crowns (5, 6) , dental implants (7), removable dentures (8) and craniofacial displacements caused by external force in orthodontic application (9) (10) (11) (12) .
Holography follows a different principle from conventional photography. A laser is needed to produce a coherent, monochromatic light beam. The difference in phase between a reference ray and the object ray (to be analyzed) produces an interference pattern that is recorded on a high-resolution photographic plate (hologram). When developed and suitably exposed to laser light, this hologram reconstructs a three-dimensional image of the object. Resolution is that of the order of the laser wavelength or that of a photographic film (13) .
The reconstructed image of the hologram contains most of the information of the object. Additionally, there is total 1:1 correspondence between image and object, and there is parallax essentially in all directions, unlike three-dimensional photography, which does not have parallax (13) .
The use of macerated skull as an experimental model in holography has, however, been questioned recently. Given that the process of maceration leads to bone drying and loss of fibrous connective tissue, a question remains as to whether the results obtained with macerated skulls could be transferred to the in vivo situation.
Because the holographic method is highly sensitive to small bone displacements and deformations, and given the controversy among researchers as to the use of macerated skulls, and the difficulty of obtaining fresh (post-mortem) human skulls, the purpose of this study was to compare the distribution of tensions produced under static load in fresh (control), macerated and fixed dog mandibles. The hypothesis was that the use of macerated bone like a model to study the stress distribution by means of holographic method could produce different results in comparison to fresh bone specimens.
MATERIAL AND METHODS
The study design was approved by the local Ethics in Research Committee (Process N.122/2000). The mandibles of 6 dogs (Canis familiars) aged approximately 4 years and weighing 12 kg were used. After sedation and euthanasia of the animals, the mandibles were surgically removed and all the surrounding soft tissues (skin, mucosa, ligaments, muscles and gingival tissue) were removed. Mandibles were then cut through the mental region using a scalpel blade.
A special device for fastening the hemi-mandibles was designed and assembled to standardize the characteristics of load application during the experiment in relation to intensity, point of application, direction, as well as to enable the return of the hemi-mandibles to the initial position after the maceration and formalin-fixing procedures. The hemi-mandibles were placed in such a way that load incidence would be at the incisal edge of the canine, simulating occlusion with the opposing tooth. The mandibular ramus was fixed in a metal box by screws and self-polymerizing acrylic resin was poured into the box. This set was fastened to the device by means of a clip-together system enabling the correct repositioning during the experiment (Fig. 1) .
After initial holograms were taken, 12 fresh hemi-mandibles were assigned to 2 groups: 6 hemimandibles were fixed in 10% formalin for 2 weeks and 6 were macerated and dried using African beetles (Dermestes sp).
A He-Ne laser (Model 845; Newport Research, Irvine, CA, USA), a shutter controller and a 0.8 KVA voltage stabilizing unit (MK 7000 GR; Savage, Irvine, CA, USA) were used to take the holograms. The laser was emitted continually by a direct current power supply. The laser beam had an output power of 30 mW and 633 nm wavelength. The following devices were set upon the holographic table: a spatial filter (Newport), a mirror, magnetic supports (Newport), highresolution film (AGFA -Holotest 8E75 -5000 lines/ mm; AGFA Corporation, Ridgefield Park, NJ, USA) and the hemi-mandible holding device. All components were secured on an optical table buffered by compressed air (Newport) in order to avoid vibrations. A shutter with electronic exposure control was used to control exposure time for the holographic plate. The experiment was carried out in a totally dark, draft-free environment. When activated, the laser illuminated the surface of the tension-free hemi-mandible and was reflected (object beam), reaching the holographic film. At the same time, beams from the same laser source hit the mirror. The reflected beam (reference beam) interacted with the object beam to produce a hologram on the film.
The hemi-mandible was subjected to a 100 g static load. The laser was projected onto the hemimandible and produced a second hologram on the same film by the same process. The film was developed and fixed. The incidence of laser light upon the developed film showed the image of the mandible with a pattern of fringes, caused by the interference produced by superimposing the two holograms. The image was captured by a CCD camera (Model KP-M1; Hitachi Denshi Ltd, Woodburg, NY, USA) and digitally recorded (Fig. 2) .
Because tension moves perpendicularly to the fringes, it is possible to evaluate tension distribution within the body of the mandible quantitatively since the higher the number of fringes, the greater the tension transmitted and the greater the displacement produced between the original surface and the surface that is subjected to load. Qualitative evaluation is achieved by observing the aspect and direction of the fringes (8) .
The theory of fringe formation in holographic interferometryhas been shown in other studies (14, 15) . The following equations (16) , using data of Figure 3 , were used for quantitative measurement of displacement. For light fringes: d= n . l / 2. cos g . cos q, where: d=displacement; l=wavelength; n=light fringe number; q= bisector angle between the direction of illumination and direction of observation; g= angle between sensitivity vector and displacement vector. For dark fringes: d = (2n+1) . l / 4 . cos g . cos q, where: n= dark fringe number.
RESULTS

Qualitative Analysis
The holographic images showed that: 1) The fringes were more widely spaced in fresh hemimandibles and their number was smaller when compared to those of the fixed and macerated specimens. The macerated hemi-mandibles presented more fringes, with smaller spaces between them; 2) A change in the direction of fringes in the tooth and bone was recorded in the fresh hemi-mandibles. In the fixed and macerated specimens, the direction of fringes remained unchanged; 3) Spacing between the fringes was smaller near the point of load application and increased progressively along the mandible towards the fixed extremity; 4) The pattern of fringes was also different in direction; in fixed and macerated specimens the fringes showed greater inclination than in fresh hemi-mandibles, meaning that they underwent torsion.
Figures 4, 5 and 6 show images of specimens of fixed right hemi-mandible, fresh left hemi-mandible and macerated left hemi-mandible, respectively.
Quantitative Analysis
Data relative to the comparison between fresh and fixed specimens as well to the comparison between fresh and macerated specimens are presented on Tables  1 and 2 , respectively.
The paired t-test and Wilcoxon non-parametric test were applied to the data. There was a statically significant difference (p<0.05) between the means obtained for the fresh hemi-mandibles and those obtained for the fixed and macerated hemi-mandibles. In addition, there was an approximate two-fold difference between the fresh-fixed and fresh-macerated states. 
DISCUSSION
The principle of holographic interferometry states that the displacement caused by the action of a force on a body is directly proportional to the number of fringes, and its direction is perpendicular to that of the fringes. It is also known that the force is directly proportional to the displacement (Hooke's law), i.e., force and displacement travel in the same direction. Thus, by analyzing the number of fringes and the displacement produced, one can refer to the direction of the tensions.
Fresh hemi-mandibles were thus seen to transmit less tension than the corresponding fixed and macerated samples. The experiment began immediately after euthanasia of the animals, and the presence of fresh fibrous connective tissue may have dampened the action of the applied force.
Additionally, another factor that may have aided tension dissipation is the hardness of the bone. Yamada (17) stated that the hardness of dry compact bone is 1.4 times greater than that of fresh bone, and that formalinfixed bone is 1.1 times harder than fresh bone. By analogy, if a rigid bar is used to make a lever, a given result will be obtained at the opposite end; if the same load is applied to a less rigid bar with the same dimensions, there will be a lower-intensity result at the opposite end.
In a previous study (10) , moisture in fresh dog skulls may have influenced their results in comparison to macerated skulls, by making them less rigid and leading to a less pronounced displacement of bone. However, Govaert and Dermaut (11) , while attempting to improve the condition of dry skull as an experimental model for orthopedic studies, kept macerated dog skulls in relative humidity ranging from 40 to 100%. They found that the displacements of maxillas did not coincide with in vivo measurements.
In spite of these findings, macerated skulls are still used as study models (12) . Therefore, it is important to emphasize that macerated bone specimens have a different behavior when compared to that of fresh bones.
The time elapsed post-mortem and the fixation in 10% formalin probably caused some level of rigidity in the periodontal ligament, in such a way that transmission of tensions occurred, qualitatively speaking, in the same way as with macerated samples. Because of the short time of formalin fixing, significant changes in the biochemical composition of the bone tissue may not have occurred. Boskey et al. (18) compared samples of bone tissue fixed in formalin (for 11 days) and fresh frozen samples, and found that mineral and lipidic parameters were not affected. They stated that formalin fixing causes agglutination of collagenous fibers.
In the present study, the macerated specimens presented a larger number of fringes, with smaller spacing between them. Therefore, tensions transmitted were more intense than in fresh samples, corroborating the results of Clerk et al. (10) , who used speckle interferometry. This method, however, is not as accurate as holographic interferometry because it uses only the object beam to form the image.
The results of this investigation did not converge with the findings of Kannan (19) , who found little difference in magnitude in the tensions developed in vivo and in dry monkey skulls, measured by means of load cells. One drawback in the use of load cells is that they are activated according to deformation in the surface which they are attached to. Thus, the load cell measures local deformation, and it is known that the elasticity module of the bone depends also on its location. Several load cells would be necessary to produce an overall mapping of the distribution of tensions. Furthermore, the method of attachment of this device to the surface of the object under study may also influence its performance.
Billiet et al. (20) , who were concerned with the action of the periodontal ligament, simulated its presence by putting Araldit 208 into the sockets of a dry skull. The influence of the periodontal ligament was clear in the present study, as it was observed a marked alteration in the direction of fringes located in the tooth and in the bone of the fresh hemi-mandibles. However, in the fixed and macerated specimens, the direction of the fringes underwent no marked change, but rather remained constant, with tooth and bone behaving as a single body. In all hemi-mandibles, the fringes were more compact in the region closest to the point of force application and spacing between fringes increased steadily along the length of the mandible, towards the fixed extremity. These images show that the tensions created in the area of application of force are more intense and that these tensions are dissipated and absorbed as they are transmitted along the mandibular bone.
Despite some limitations of the use of macerated anatomical specimens as an experimental model for certain studies, holographic interferometry is an efficient method for measuring minute displacements and for analyzing tension distribution. Because it is a nondestructive method, whose results can be obtained from the very object under study, it enables repeatability of the experiment. It does not require mathematical, virtual or artificial simulation of the evaluated object, as in the finite element or photoelasticity methods. Holography also allows tension distribution analysis along all the sample extension. For example, to study occlusal force dissipation, it is possible to verify the course of the force lines in the entire craniofacial complex, in addition to the underlying bone.
The holograms obtained in the present study revealed that there was a difference in the stress transmission among fresh, fixed and macerated mandibles. The fresh mandibles transmitted less tension that the fixed and macerated ones (p<0.05). In fact, stress transmission in the experimental conditions was twice as large as in the control group. A difference in the direction of stress transmission was also observed. The findings of this investigation suggest that the use of dry specimens in research and the inference of their results for an in vivo situation must be conservative.
RESUMO
Frente à diversidade de comportamento do tecido ósseo, nas condições seca e úmida, este trabalho comparou a transmissão de tensões em mandíbulas de cães nas seguintes condições: frescas, fixadas e maceradas. Aplicou-se a interferometria holográfica de dupla exposição e os hologramas foram obtidos de 12 hemimandíbulas, sob carregamento estático (grupo controle). Em seguida, foram randomizadas em 2 grupos: 6 hemi-mandíbulas foram fixadas em solução de formol a 10% e 6 foram maceradas. As amostras foram submetidas à mesma carga inicial e os respectivos hologramas foram obtidos. A análise dos hologramas mostrou que as amostras frescas transmitiram menos tensão que as amostras fixadas e as maceradas (p<0,05), e também houve diferença na direção percorrida pelas tensões. Em média, os grupos experimentais apresentaram o dobro de tensões em relação ao grupo controle. O método da interferometria holográfica mostrou-se eficiente para avaliar quantitativa e qualitativamente a transmissão das tensões geradas. Entretanto, dependendo do tipo de análise, a peça anatômica deve ser fresca, uma vez que os resultados podem diferir das amostras secas.
